Neighboring retinal ganglion cells (RGCs) fi re with a high degree of correlation. It has been increasingly realized that visual perception of the environment relies on neuronal population activity to encode and transmit the information contained in stimuli. Understanding how neuronal population activity contributes to visual information processing is essential for understanding the mechanisms of visual coding. Here we simultaneously recorded spike discharges from groups of RGCs in bullfrog retina in response to visual patterns (checkerboard, horizontal grating, and full-fi eld illumination) using a multi-electrode array system. To determine the role of synchronous activity mediated by gap junctions, we measured the correct classifi cation rates of single cells' firing patterns as well as the synchronization patterns of multiple neurons. We found that, under normal conditions, RGC population activity exhibited distinct response features with exposure to different stimulus patterns and had a higher rate of correct stimulus discrimination than the activity of single cells. Dopamine (1 μmol/L) application did not signifi cantly change the performance of single neuron activity, but enhanced the synchronization of the RGC population activity and decreased the rate of correct stimulus pattern discrimination. These findings suggest that the synchronous activity of RGCs plays an important role in the information coding of different types of visual patterns, and a dopamine-induced increase in synchronous activity weakens the population performance in pattern discrimination, indicating the potential role of the dopaminergic pathway in modulating the population coding process.
INTRODUCTION
Perception of the environment relies on the ability of neurons to transmit signals effectively and encode/ decode environmental stimuli efficiently. The population activity of neurons has been demonstrated to improve the transmission and coding processes [1] [2] [3] [4] . In the retina, the correlated firing of ganglion cells plays an important role in visual signal transmission from the retina to the central visual areas [5] while correlated activity among large groups of cells is refl ected by the correlated activity between pairs of neurons [6, 7] . Adjacent retinal ganglion cells (RGCs) frequently fire in a concerted manner, and these can be classified into different subtypes based on the spatiotemporal characteristics of the fi ring activity and the underlying mechanisms [3, 8] : (1) the correlated activity between RGCs induced by common inputs from presynaptic neurons, which has the property of distributed time lags in the cross-correlogram; and (2) the precisely synchronized fi rings in RGCs connected by gap junctions, which have a sharp peak a few milliseconds wide at zero-lag in the cross-correlogram. More than 50% of RGC spikes are involved in correlated and synchronized activity [3] , suggesting that the concerted activity may have a fundamental impact on the neuronal coding process.
It has been reported that the occurrence of synchronous activity in direction-selective ON RGCs depends on the direction of stimulus motion, indicating that synchronization via gap junctions contributes to the encoding of stimulus information [9] . It is also known that gap junctional connectivity between RGCs is highly plastic, and can be effectively adjusted by the neuromodulator dopamine (DA) [10, 11] , resulting in changes of gap junctional conductance as well as the strength of synchronous activity [12, 13] . Yet, relatively
little is known about whether synchronous activity among RGCs contributes to spatial visual pattern coding, and whether DA-induced changes in the gap-junction-coupled network affect the performance of the neuron population.
In the present study, we aimed to investigate the role of synchronous activity of RGCs in the information coding in response to different types of visual patterns and the effects of DA on this process. We used a multi-electrode array system to simultaneously record the spike sequences from a group of RGCs in bullfrog retina in response to visual stimuli with different spatial patterns (checkerboard, horizontal grating and full-field illumination). The rate of correct stimulation pattern discrimination was measured based on the RGC responses, both single neuron firing patterns and multi-neuronal synchronization patterns. Also, the neuronal activity during control and DA application were compared. Jiao Tong University. Frogs were double-pithed under dim red light, and the eyes were enucleated. The eyeball was hemisected, the lens and cornea discarded, and the eye-cup cut into several pieces. The retina was carefully separated from the pigment epithelium [14] and immediately transferred onto a multi-electrode array (MEA60, MCS GmbH; Reutlingen, Germany) with the ganglion cell layer contacting the electrodes. The preparation was superfused with normal oxygenated (95% O 2 , 5% CO 2 )
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Preparation
Ringer containing (in mmol/L) 100.0 NaCl, 2.5 KCl, 1.6
MgCl 2 , 2.0 CaCl 2 , 25.0 NaHCO 3 , and 10.0 glucose. For pharmacological application, dopamine hydrochloride (1 μmol/L) (Sigma, St. Louis, MO) was added to the perfusate.
Electrophysiological Recording
The multi-electrode array consisted of 60 electrodes (10 μm in diameter) in an 8 × 8 matrix (the 4 corners were left void) with horizontal and vertical adjacent tip-to-tip distances of 100 μm and a diagonal tip-to-tip distance of 141 μm. The tissue and perfusate were kept at room temperature (22-24°C) . A small wired Ag/AgCl pellet was immersed in the bath solution and served as the reference electrode.
The firing activity of RGCs was simultaneously recorded by the multielectrode array system, and the signals were amplified through a 60-channel amplifier and stored in a computer. Spikes fired by individual cells were sorted using principal component analysis [15, 16] , and
Offl ineSorter software (Plexon Inc., Dallas, TX). To ensure accurate data for spatiotemporal pattern analysis, only single-neuron events identifi ed by the above spike-sorting methods were used for further analyses [17, 18] .
Stimulation
Visual stimuli were generated by a program written using the Matlab Psychophysics Toolbox [19] and displayed on a monitor (796 FD II, 1024×768 pixels, MAG Technology Co., Taipei). The visual image was focused on an area of 0.9 × 0.9 mm 2 when projected onto the isolated retina via a lens system.
Each trial consisted of three spatial patterns presented in random order: checkerboard (CB), horizontal grating (GT) and full-field illumination (FF) (Fig. 1) . Each pattern was presented for 0.5 s at 1-s intervals. The CB consisted of 16 × 16 sub-squares (56 × 56 μm 2 in size), each randomly assigned "light" (12.18 nW/cm 2 ) or "dark" (0.00 nW/cm 2 ).
The gratings contained eight "light" bars interleaved with eight "dark" bars (width × length of each bar: 56 × 896 μm 2 ). A total of 100 trials were displayed at 1-s inter-trialintervals. The same stimuli were applied in both the control and DA application tests.
Synchronous Neuron Groups and Synchronization
Strength
For a target neuron a under investigation, shift-predicted cross-correlograms paired with its neighboring neurons were computed as:
where C ak (t) and C ak shifted (t) are the raw and shifted cross-correlograms between neurons a and k [20, 21] ; Ĉ ak (t) denotes the shift-predicted cross-correlogram with jitter of 1 ms; t and L represent the time-lag and its maximal value in the cross-correlogram computation; f a and f k are the fi ring rates of neurons a and k, respectively; N is the number of neighboring neurons whose activity is synchronized with neuron a. In our calculation, the synchronization strength of neuron pairs was normalized against the fi ring rates, which minimized the dependence of synchronization estimation on fi ring rate.
Based on the cross-correlogram estimations, synchronized pairs were identified as those with a central peak width <2 ms and a peak value >0.1 arbitrary unit ( Fig.   2B ) [13] . A target RGC with all its synchronized neighbors was defined as a "synchronous neuron group". The synchronization strength of the group was defined as the averaged pair-wise synchronization strength between the target neuron a and its neighbors:
where K is the number of identified neurons with activity synchronized with neuron a.
Integrated Multi-neuronal Spiking Sequence
To estimate the contribution of population activity to stimulus discrimination, we defined an integrated multineuronal spiking sequence as follows: in a synchronized group (consisting of K neurons), spike trains of all the group members were binned into 2-ms time windows, and represented in a binary manner:
where m is the length of the sequence).
The integrated sequence S(t) was reconstructed as: 
Classification of Neuronal Response Patterns Based on the Support Vector Machine (SVM) Method
To assess the performance of RGCs in stimulus pattern discrimination, we performed classifi cation analysis based on single and population neuronal activity. Each trial of a single neuron spike train (r t j ) or the integrated sequence (S(t)) of a synchronous group (Fig. 3B ) was presented as a point in m-dimensional space (where m is the length of the sequence). The classifi cation was to cluster these data points and assign each point to a corresponding pattern in response to a particular stimulus. We used the SVM method (Matlab built-in toolbox)
to identify the neuronal activity in response to different stimuli as represented by data clusters in m-dimensional space. SVMs construct a hyper-plane (known as the maximal margin hyper-plane) that is the optimal separation of binary-labeled training data [22] [23] [24] . The procedure of classifying the neuronal responses to two distinct patterns a and b (P a and P b ) consisted of two steps: (1) The holdout cross-validation experiment. Since adaptation occurred when the retina was exposed to repeated patterns, we selected the data collected during steady-state responses for further analysis to minimize the adaptation effects.
The results of the first 10 trials were discarded, and the remaining 90 trials were used. To build up the training data, half of the 90 neuronal responses in our experimental data were randomly selected from the responses to P a and P b , and the remaining 45 responses were used as test data.
(2) Training the SVM classifier with the training data to work out the maximal margin hyper-plane that separates the neuronal responses to P a and P b into two classes. Then the test data were classified by the trained classifier (the hyper-plane), and the ratio of the correctly-labeled trials (the number correct/90) was calculated. In our analysis, for a single spike train (r t j ) (or an integrated sequence S(t)) in response to patterns a and b, the classifi cation procedures (1) and (2) described above were independently repeated 10 times, and the average value of the correct ratio was determined as the rate of correct classifi cation based on (r t j ) (or S(t)) between P a and P b .
For each paired pattern (CB vs GT, CB vs FF, and GT vs FF), the classifi cation procedure was performed based on the single neuron spike train (r t j ) and the integrated sequence (S(t)).
RESULTS
Single Neuron Activity and Integrated Sequence
Typical responses of an RGC elicited by the three patterns For each retina under investigation, the number of RGCs that could be recorded ranged from 5 to 20 (7, 5, 20, 12 , and 14 for retinas 1-5, respectively), and the group size for the synchronized neurons also varied (Fig. 6 ).
Classifi cation of Stimulus-pattern-dependent Neuronal
Activity
As RGCs transform different stimulus patterns into spikes, the stimulus features should be characterized by the neuronal response properties. Here, we used the SVM method to classify the neuronal response patterns. The computation based on single neuron spike trains (r t j ) showed that, in controls, the mean correct rates were 0.566 ± 0.006 for discriminating CB vs GT, 0.742 ± 0.009 for CB vs FF and 0.743 ± 0.008 for GT vs FF (mean ± SE) (Fig. 7A , C-E) (58 neurons from fi ve retinas).
To estimate the population neuron performance, integrated sequences S(t) (as shown in Fig. 5 ) were used to compute the correct rate. The mean values for correct rate in controls were 0.598 ± 0.010 for CB vs GT, 0.828 ± 0.008 for CB vs FF and 0.829 ± 0.010 for GT vs FF (44 groups from five retinas) (Fig. 7B ). All were higher than the single neuron correct rate (P <0.05, unpaired t-test; It has been demonstrated that the coding performance of a synchronous group is related to the number of neurons in the group [5] . To probe the potential relationship between discrimination performance and the number of RGCs in the group, we plotted the correct rate against the number of RGCs in each synchronous group (Fig. 8A-C) . The linear relationship between the correct rate against RGC group size showed that in control conditions, the performance of synchronous groups was positively correlated with group size.
DA-induced Effects on Correct Rates of Single Neurons and Synchronous Groups
DA is a neuronal modulator released in the retina by light. It participates in the regulation of intracellular chemical pathways in single neurons [25] and of inter-neuronal gap junctions [11] . In particular, the gap-junction-dependent synchronous activity of RGCs is modulated by DA [11, 13] , suggesting that it is involved in the population coding process. Here, we investigated whether exogenous DA ( (Fig. 7A, C-E) . These results suggested that, although DA decreased the fi ring rates of single neurons in response to each pattern, the temporal structure of the fi ring sequences were similar to the control.
The correct rates of pattern discrimination of RGC groups during DA application were computed based on integrated sequences S(t) as shown in Fig. 5 . Among 44 synchronous groups from fi ve retinas during DA application, the mean correct rates were 0.568 ± 0.007 for CB vs GT, 0.764 ± 0.005 for CB vs FF, and 0.749 ± 0.008 for GT vs FF (Fig. 7B, C-E ), which were all lower than the correct rates in control conditions (P <0.05, paired t-test) . This suggested that DA down-regulates the discriminatory performance of synchronous groups.
In addition, DA application eliminated the linear association between the correct rate and the size of synchronous RGCs groups observed during control conditions ( Fig. 8D-F) .
Synchronization Strength Increased by DA
Since the integrated sequence S(t) was constructed based on the synchronized activity via gap junctions among the coupled RGCs, which is modulated by DA [3, 26] , it is thus reasonable to speculate that down-regulation of neuron group performance in pattern discrimination is probably related to the DA-induced effects on synchronous activity. We therefore further examined the strength of synchronization.
RGCs with signifi cant synchronous fi ring were defi ned as a synchronous group, and the synchronization strength During DA application, the mean values for C -a were 0.565 ± 0.023 (CB), 0.580 ± 0.023 (GT), 0.570 ±±0.023 (FF) (Fig.   9 ). The synchronization strength was increased during DA application for all the three patterns (all P <0.05, paired t-test). These results are consistent with our previous study that DA enhances RGC-RGC gap junctional connections, resulting in increased synchronization [13] .
DISCUSSION
We investigated the activity of single neurons and neuron groups in response to different visual patterns and found that under control conditions, neuron groups performed better in visual pattern coding than single neurons. In addition, the correct rate of neuron groups was positively correlated with group size. However, the performance of neuron groups was signifi cantly reduced by DA application, while that of single neurons was not altered. Furthermore, DA eliminated the positive correlation between neuron group performance and group size in all three cases (CB vs GT, CB vs FF, and GT vs FF). The DA-induced enhancement of synchronization may be the mechanism underlying the performance changes in the neuron groups.
In addition, the decay time-constant indicated that the fi ring rate of the majority of neurons declined to a steady state within 10 trials. We also assessed the neuronal performance using all 100 trials, and the results were consistent with the fi ndings based on our selection criteria (data not shown). to the encoding of specifi c patterns [27] . Under control conditions, the neuron groups exhibited a higher rate of correct pattern discrimination than single neurons. One explanation could be that the integrated sequence S(t) averaged out inter-neuronal response noise. But at the same time, the temporal structure of the firing of multiple neurons was dynamically modulated by the different stimulus patterns and these changes were reflected by the integrated sequence. When exposed to visual stimuli, the synchronization strength is unequally distributed across the neuronal subsets, and depends on the stimulus pattern that covers the mosaic of multineuronal receptive fi elds [28] . The elements of the integrated sequence varied with finer details for representing response features, and therefore performed better in stimulus discrimination. The synchronization of neuron groups provides an extended information coding capacity to describe the difference between the stimulus patterns and ehances neurons' capacity for specifi c pattern identifi cation, which is consistent with the notion that correlation among neuron population activity improves coding effi ciency and information transmission [1, 2, 5, 29] .
Visual Pattern Coding with Single and Population
Activity
Correspondingly, the correct rate of neuron groups was linearly correlated with the number of neurons in the group. In fact, the number of neurons in a synchronous group reflects the dimension of the multi-neuronal data, and if these data span more independent dimensions, the features in the data are projected onto an extended space, which increases the probability for these features to be clearly separated and the corresponding patterns to be correctly encoded.
Dopamine-induced Effects on Synchronous Activity
To determine the role of synchronization in visual pattern coding, we applied exogenous DA to the retina to manipulate the synchronization state of neuron groups [12, 13] .
The neuromodulator DA, which is released by amacrine and interplexiform cells under photopic conditions [30] , activates intracellular signal pathways involving cAMP-dependent protein kinase, which modifi es the gap junction connexins and changes their permeability to ionic currents [11] . In single neurons, the performance did not significantly change during DA application. But in the neuron groups, DA application decreased the rate of correct pattern discrimination, and eliminated the linear correlation between correct rate and group size.
The persistence of performance in single neurons during DA application might be due to minor changes in the temporal structure of the firing sequences. In the neuron groups, the synchronization strength was significantly increased by DA in all three patterns (Fig. 9) , consistent with our previous fi nding that DA enhances RGC-RGC gap junctional connections via the activation of D1 receptors and results in increased synchronization [13] . Application of 1 μmol/L DA induces a much higher concentration in the retina than under natural conditions [31] , such that it remains at a constant high level. So the dynamic modulation of DA concentration in the retina was eliminated. Therefore, the DA-related dynamics of synchronized activity under control conditions was disrupted by DA application and the performance of neuron groups in visual pattern coding was weakened. Our results suggest that, although synchronization promotes the coding efficiency of neuron populations in some sensory processes, the exogenous DA-induced loss of dynamic modulation of synchronized activity results in the attenuation of stimulus-response specifi city in pattern discrimination, thereby weakening the neuronal ability to encode different stimulus patterns. Thus, the dynamic modulation of synchronization is essential for neuron populations to optimize the coding process.
In summary, our results suggest that population activity enhances the visual pattern coding of neurons. DA may be an important neuromodulator involved in the modulation of RGC population activity, and plays a critical role in maintaining the responsiveness and information coding of neurons.
